In comparison with most other disciplines of science, the field of genetics is still in its youth. The majority of scientific work in genetics has been done in the past 150 years. The successful preliminary sequencing of the human genome was announced in 2001. Nonetheless, interest in heredity and in other concepts within the field of genetics has existed since the beginning of humanity. This article provides an account of the history of genetics, spanning from humankind's initial attempts to understand and influence heredity, to the early scientific work in the field of genetics, E ven though not recorded, there is reason to believe that the concept of genetics was contemplated by the first human beings. When specific traits were noted to be shared by parent and child, this likely raised questions about the phenomenon of inheritance (although it was not termed as such then). 1 The same phenomenon of shared traits between parent and offspring was then applied in the areas of plant cultivation and animal husbandry. 2 Decision making based on the concept that traits could be passed on from generation to generation laid the foundation for the modern genetics that we practice today.
Like their predecessors, geneticists of today are influenced by trends and developments in science. Currently, substantial energy and resources are being directed into efforts to sequence the human genome. 3 A complete sequence of the human genome holds the potential to revolutionize science and medicine. The first part of this overview gives an account of the history of genetics that spans from humankind's first attempts at understanding and influencing heredity, 4 to the early scientific work in the field of genetics, 5 and then to the advancements in modern genetics. 6 The second part summarizes the Human Genome Project (HGP) from inception to the publishing of the "first draft" of the human genome sequence. 3, 7, 8 For editorial comment, see page 745.
PRE-MENDELIAN AND MENDELIAN GENETICS
Early work in the cultivation of plants and the domestication of animals provides evidence that humans were interested in the inherited aspects of phenotypes and the manipulation of parent-parent pairings to improve future generations. 9 After the dioecious nature of the date palm was noted in 5000 BC, the ancient Babylonians and Assyrians practiced artificial pollination from the time of King Hammurabi in 2000 BC. The presence of cultivated plants and domesticated animals today may be the result of these first attempts at genetic experimentation. From these activities, we can infer that humans have long recognized that certain traits were preserved in subsequent generations.
The Greek philosophers recorded their speculations on the concepts of inheritance as they applied to humans. 1, 4 Early writings date back to the pre-Socrates era from the sixth and fifth centuries BC. 9 They debated the relationship between heredity and environment on the origin of birth defects and on factors that affect sex determination. Most notably, from 460 to 322 BC, Greek philosophers Hippocrates, Aristotle, and Plato wrote about the inheritance of human traits. 2, 4 They observed that certain traits were frequently (ie, in a dominant fashion) passed from parent to child. These early Greek philosophers believed that semen was in some way responsible for passing on traits, although they did not understand the exact contribution by the male or female parent to the offspring. 2 Plato is noted to have understood that humans were most likely to mate with other humans with similar characteristics and that on occasion this led to offspring who were less able to deal with "the challenges of life." 10 There were 2 main schools of thought on the conception and in utero development of human offspring. Philosophers such as Empedocles and Democritus favored the theory of preformation, which was in opposition to that of Aristotle, who favored a form of epigenesis. 11 In 1694, Hartsoeker's Essay de Dioptrique was published supporting preformation. 12 This essay included his rendition of the human spermatozoon with an enclosed homunculus (a preformed male or female animalcule). 13 Later, even Hartsoeker dismissed this concept of infinite encasements of preformed animals within each species. 13 The supporters of epigenesis believed that the organism was formed from components contributed by 1 or both parents.
In the 18th century, the debate between preformation and epigenesis was still unresolved, yet new disagreements arose within the camp of preformationists. 14 Malpighi 15 believed that the preformed new organism was already present and preformed in the egg. Some of his contemporaries, such as van Leeuwenhoek, 16 supported preformationism, but they believed that the preformed organism was within the male sperm. This led to factions within the preformationist camp of ovists vs spermists.
Maupertuis was a mathematician with an interest in biology. 17, 18 He bred various animals and observed that first-generation hybrids had characteristics of both parents. This was a strong argument against the popular preformationism theory of that time, which Maupertuis irreverently described as "mythical" and undeserving of consideration. He was a strong advocate for pangenesis, the belief that individuals were formed from elements from the seminal fluid of each parent. In 1752, Maupertuis described an autosomal dominant postaxial polydactyly in 4 generations of 1 family. 18, 19 This may have been the first report of an inherited genetic disorder.
In 1814, Joseph Adams published A Treatise on the Supposed Hereditary Properties of Diseases, but this work received little recognition from his peers. 20 Adams recognized the difference between autosomal recessive and autosomal dominant conditions (although he did not use this terminology). He also recognized that it was not favorable to mate with one's relatives, that hereditary diseases can express later in life, that some hereditary diseases require an environmental exposure to be expressed, that there was some intrafamilial correlation of diseases, and that the reproductive fitness of individuals with hereditary disease was diminished.
It is difficult to separate the discoveries in genetics from other discoveries about the cell because their functions are so closely intertwined. Cells were first described by Hooke 21 in 1665 using a primitive light microscope to study animal and plant tissues. Wolff 22 may have been one of the originators of the cell theory. He recognized in the 1760s that cellular structure was an essential mark of all living creatures and that cells had similar structures in plants and animals. In 1838, Schleiden and Schwann 23 suggested that cells with nuclei were the fundamental units of life. In 1855, Virchow 24 hypothesized that new cells can be formed only by the division of existing cells.
In 1859, Darwin 25 published On the Origin of Species, proposing evolution by natural selection, but the principles of genetics to defend his theory were not widely known at that time. In 1865, Mendel 5 published "Experiments in Plant Hybridization," proposing the principles of heredity and introducing the concept of dominant and recessive genes to explain how a characteristic can be repressed in 1 generation but appear in the next generation. Today, he is widely considered the founding father of modern genetics because of his extensive experiments validating the basic tenets of genetics. Moreover, Mendel's work eventually helped to partially explain Darwin's concept of evolution.
In 1869, Miescher studied extracts of cellular nucleic acid and coined the term nuclein. 26, 27 We now know that he had discovered the material basis of heredity, but another 80 years passed before nuclein was shown to be DNA. 28 Between 1879 and 1882, Flemming 29 used "new staining techniques" to see "tiny threads" within the nucleus of cells in salamander larvae that appeared to be dividing. In so doing, he discovered chromosomes that he named chromatin because of this material's affinity for taking up stain. Shortly thereafter, in 1889, Weismann 30 published the first of a series of papers in which he theorized that the material basis of heredity was located on the chromosomes.
MODERN GENETICS
Expanding on these early achievements, the 20th century brought particularly exciting discoveries in genetics, beginning with the discovery of the gene and ending with the first draft of the human genome. 37 Because of this work, Garrod is now considered the founder of biochemical genetics. In 1929, Richard Schönheimer studied a patient with hepatomegaly due to massive glycogen storage and suggested that this disorder may be due to an enzyme deficiency. It was not until 1952 that Cori and Cori 38 found glucose-6-phosphatase to be deficient in patients with von Gierke disease (glycogen storage disease type I). This observation was the first time that an inborn error of metabolism was attributed to a specific enzyme deficiency.
In the early 1900s, geneticists from the United States began to make important contributions to genetic research. Working at Columbia University in 1910, Morgan 39 conducted experiments in fruit flies, mainly Drosophila melanogaster, and established that some genetically determined traits were sex linked. In 1913, Bridges, 40 one of Morgan's students, established that genes were located on chromosomes. In that same year, Sturtevant, 41 another student, determined that genes were arranged on chromosomes in a linear fashion, like beads on a necklace. Moreover, Sturtevant showed that the gene for any specific trait was in a fixed location or locus. Yet another Morgan student, Muller, 42 in 1926 discovered methods for artificially producing mutants in fruit flies by ionizing radiation and other mutagens. In so doing, he discovered the origin of new genes by mutations, a theory first proposed by De Vries 43 in the early 1900s. In 1928, Griffith 44 studied Streptococcus pneumoniae and learned that a "transforming principle" can be transferred from dead virulent bacteria to living nonvirulent bacteria. Many investigators at that time believed that the transforming principle was protein. In 1941, Beadle and Tatum 45 performed experiments that suggested "one gene codes for one enzyme." In 1944, the work of Griffith was continued by Avery et al 28 who showed that the transforming principle was DNA, and thus DNA was the hereditary material in most living cells.
Linus Pauling, who originally trained as a chemical engineer, had a strong belief in chemistry as a means to explain biological phenomena. Through his work in chemistry, he contributed substantially to the field of genetics. In 1949, Pauling et al 46 published their work on sickle cell anemia. This article revealed that the specific physicochemical changes in the sickled cells were a result of the mutated gene. Their publication is considered the first description of a disease on a molecular basis. One year later, Pauling et al 47 were the first to describe the 3-dimensional (α-helix) structure of proteins.
In 1950, McClintock 48 discovered "jumping genes" or transposable elements in corn. However, the importance of her work was not appreciated until the 1970s when molecular biologists confirmed the existence of a gene for "transposase." 49, 50 This enzyme enabled certain genes to self-duplicate and migrate to other areas of the genome.
In 1950, Chargaff 51, 52 discovered that the ratio of the nucleic acid bases, purines to pyrimidines (adenine to thymine, guanine to cytosine) was always 1:1. This observation provided strong evidence that the nucleic acid bases form complementary pairs within the DNA molecule. In 1951, Franklin, Wilkins, and associates produced x-ray diffraction patterns of the DNA molecule. 53, 54 This work revealed the helical structure and location of the phosphate sugar on DNA. Hershey and Chase 55 in 1952 produced conclusive evidence that bacteriophage DNA contained all the information necessary to create a new virus particle, including its DNA and protein coat. In 1953, Watson and Crick 6 elucidated the structure of the DNA molecule to be a double helix. Subsequently, Crick 56 introduced the central dogma of genetics, ie, DNA makes RNA makes protein.
In 1934, Fölling 57 was the first to ascribe a form of mental retardation to a metabolic disturbance. In this disorder, now known as phenylketonuria, the clinical characteristics are caused by an elevated excretion of phenylpyruvic acid in urine as a result of a deficiency in phenylalanine hydroxylase, 58 which in turn is a result of a mutation of the gene encoding for the enzyme. 59, 60 The development of a treatment strategy for phenylketonuria in the early 1950s by the provision of a diet low in phenylalanine is another milestone in the history of biochemical genetics. Because of the potential to prevent mental retardation in affected infants, Guthrie and Susi 61 developed a cost-effective screening method for phenylketonuria, using small blood spots dried on filter paper that were collected from newborns. Population-wide newborn screening for phenylketonuria began in the 1960s. As a result of important technological advances, more than 1000 inborn errors of metabolism are now recognized. The application of tandem mass spectrometry to newborn screening has allowed the expansion of the number of metabolic disorders detectable in a single dried blood spot to more than 30.
Meanwhile, cytogeneticists were busy trying to establish the number of chromosomes in humans. In 1922, Painter 62 reported that humans had 48 chromosomes, based on studies of human testicular sections. Then in the early 1950s, several technical advances in chromosome methodology were discovered, including the discovery by Hsu 63, 64 of hypotonic solutions to spread the chromosomes. Armed with these new methods, Tijo and Levan 65 87 This mutation is δF508. In 1986, Royer-Pokora et al 88 in Boston isolated the gene for chronic granulomatous disease by studying a patient with a chromosome abnormality in the short arm of the X chromosome. Koenig et al 89 identified mutations associated with Duchenne muscular dystrophy in 1987. This gene was located close to the gene for chronic granulomatous disease on the short arm of the X chromosome. In 1991, King 90 found the first evidence that a gene on chromosome 17 could potentially be associated with an inherited predisposition to breast cancer and ovarian cancer. Collectively, the work of these investigators between 1980 and 1991 lead to the birth of modern clinical molecular genetics.
During that period, numerous important discoveries were made in cytogenetics. In the early 1970s, a variety of cytogenetic methods were discovered that produced distinct bands on each chromosome. Caspersson et al 91 developed a banding method that used quinacrine mustard, which allowed accurate identification of all 22 autosomes and the X and Y chromosomes. Thus, recognition of extremely subtle structural abnormalities and specific identification of the chromosomes involved in aneuploid situations became possible. In 1971, several investigators, including Seabright, 92 developed chromosome banding techniques that used Giemsa stain and a light microscope to view G bands. In 1991, a system of chromosome nomenclature based on these bands led to a systematic procedure for identifying each of these chromosome bands. 93 For example, Xq13 indicated a band on the X chromosome, q arm, region 1, band 3. This created a language of communication for gene and chromosome locations that is currently in use throughout the world. Today, cytogenetic studies are applied in 3 broad areas of medicine: (1) congenital disorders, (2) prenatal diagnosis, and (3) neoplastic disorders, especially hematologic disorders. 6 elucidated the double helical structure of DNA. Their proposed DNA structure was published in Nature on April 25, 1953 , as a brief article that barely exceeded 1 page. This article heralded a new age of discovery in genetics and laid the foundation for the sequencing of the human genome.
Today the term genome is widely understood to be the genetic material of an organism. However, this common term existed well before modern genetics. The word genome was coined by Winkler in 1920 and is defined as the haploid set of chromosomes and all the genes they contain. Genome is derived from parts of 2 other important words: gene and chromosome. With advances in genetic research, we now further define a genome to be composed of a series of nitrogenous DNA bases (
adenine [A], guanine [G], thymine [T], or cytosine [C]
). In each organism, these bases are arranged in a specific order, and this order is the genetic code of the organism. In humans, the genome is made up of approximately 3 billion such bases. In 2001, a first draft sequence of the entire human genome was completed and made available to the public for study and research. 7, 8 The first draft of the human genome was greeted with great anticipation by geneticists and nongeneticists alike. Understandably, every person had some vested interest in this scientific endeavor because the material that the researchers were working on was the genetic code of the human species. The genetics community devoured detailed accounts of the project through record-length journal articles with numerous acronyms. The general public was informed of the sequencing of the human genome through extensive media coverage. Although the geneticists could understand the details and the future implications of this feat better than laypersons, the importance of this achievement was not lost on anyone, regardless of his or her professional training. It was understood that the sequence of the human genome held the answers to our uniqueness as a species and that this information would likely be the basis for important future biomedical achievements.
The formal HGP was conceived fewer than 20 years ago, yet in that short time frame, it has become one of humankind's crowning achievements. Although it has occurred in such recent times, few individuals outside the genetics community know the history of the HGP.
By the mid-1980s, decades after Watson and Crick's historic discovery, technology had advanced far enough to make the idea of sequencing the human genome seem plausible. 96 These advances included the discovery of recombinant DNA in the mid 1970s, which allowed the cloning of DNA fragments hundreds to several thousands of base pairs in length. 97 Then the use of yeast artificial chromosomes expanded the size of the DNA fragments that could be cloned to hundreds of thousands of base pairs. 98 Rapid DNA sequencing and analysis became more of a reality in 1985 after Mullis et al 83 developed the polymerase chain reaction. By 1987, automated sequencers were developed, allowing work to be done more rapidly on large segments of DNA.
In the United States, the first formal meeting to discuss the feasibility of sequencing the human genome occurred in June 1985. 96 This meeting was convened by Robert Sinsheimer, then chancellor of the University of California at Santa Cruz. The concept of sequencing the human genome excited many of the prominent researchers in attendance and generated discussion of such a project within the scientific community. Separately, in late 1985, the director of health and environmental research at the Department of Energy (DOE), Charles DeLisi, was charged with assessing the utility of DNA sequencing in detecting induced mutations in survivors of Hiroshima and Nagasaki. In 1987, DeLisi started the Human Genome Initiative, the first government program on genome research. The US Congress began gathering data on human genome research in 1986. However, Congress did not decide to provide funding until 1988, after it concluded that the formation of administrative centers accountable to Congress could most efficiently manage issues such as databases, sharing of research materials, and cultivation of new technologies. Congress started by funding $17.3 million to the National Institutes of Health (NIH) and $11.8 million to DOE. These budgets increased progressively over the next few years. The NIH established the Office of Human Genome Research in September 1988. One year later, this office was renamed the National Centre for Human Genome Research (NCHGR). James Watson was the NCHGR's director until April 1992. 3 In this role, he pledged that 3% to 5% of the project's budget would be devoted to address ethical, legal, and social issues that arose from the study of the human genome. This program, the Ethical, Legal and Social Issues program, was the largest bioethics program in the world. Watson left the NCHGR after some disagreements over issues related to gene patenting. Francis Collins was named director of the NCHGR in April 1993. 99 The United States was not alone in this important endeavor. Soon after the initiation of the DOE project in 1987, the Italian National Research Council started a pilot project on genome research composed of 15 groups throughout Italy. The United Kingdom launched its project in February 1989. Then in 1990, the European Commission initiated a 2-year human genome project. France's government project followed months later in June 1990. Researchers from the former Union of Soviet Socialist Republics (USSR) gained funding in 1989. Although the program in the USSR was already one of the largest programs at that time, it expanded 1 year later in 1990. 96 
FORMAL INITIATION OF THE HGP
Despite its relatively brief history and skepticism that it would fail, the HGP has seen several remarkable successes. When the HGP was first proposed in the 1980s, there was little support for pouring billions of dollars into another big science project with few obvious benefits. Because the human genome was estimated to consist of approximately 3 billion bases, completion of the project was likely to be expensive and labor intensive. At that time, the cost of a finished sequence was approximately $10 per base. A wellequipped laboratory could produce about 500 bases of sequence a day, and solid data indicated that more than 90% of the 6 feet of DNA in every cell was "junk" (ie, repetitive sequences with either no known function or noncoding "spacer" DNA). Despite well-founded skepticism at that time, it is now difficult to find someone who admits to opposing the project in the early days. An engaging summary of the personalities and controversies surrounding the early days of the project was published in the genome issue of Science (Science. 2001;291:1145-1434).
The international effort to sequence the human genome was initiated in 1990 and was named the Human Genome Project. 100 The HGP originally developed a 15-year plan to map and sequence the human genome. The plan outlined several goals including (1) development of high-resolution genetic and physical maps of the human genome; (2) determination of the complete DNA sequence of humans and several other model organisms; (3) development of the capability for storing, analyzing, and interpreting these data (now called bioinformatics); and (4) development of the technology necessary to meet these goals, as well as assessment of the ethical, legal, and social implications of genomics. Objectives relating to research training and technology transfer were also elaborated at that time.
Rapid progress (particularly in constructing genetic and physical maps) led to the extension and revision of the original goals, and a "5-year plan" was released in October 1993. 101 These revisions were mostly incremental, detailing revised and more ambitious goals, including the completion of 80 million bases of sequence (<3% of the total size of the human genome) for all targeted organisms by 1998.
Composed of more than 2000 scientists from 20 institutions in 6 countries, the collaborators in the sequencing of the human genome were collectively known as the International Human Genome Sequencing Consortium. The funding for the HGP came from various countries as government grants and public charities. In 1990 when the HGP was established, it was estimated that $3 billion (US dollars) would be needed to complete the sequencing and to support the other activities related to the HGP. At the completion of the draft sequence, approximately $300 million (US dollars) had been spent worldwide. 100 The international partners in the genome project met in Bermuda in February 1996. At that meeting, they created the "Bermuda principles," a set of conditions that pertain to data access, including the release of sequence data into public databases within 24 hours. Because of this agreement, participating scientists deposited base sequences into 1 of 3 databases within 24 hours of sequencing completion. The data between the 3 databases were exchanged daily. Since these were public databases, access to the stored sequences was unrestricted.
The early 1990s also saw the beginning of a privately funded genomics effort, championed by J. Craig Venter. Venter was running a successful laboratory at the NIH when he decided to focus his sequencing efforts not on the genome itself, but on the gene products, messenger RNAs produced by each cell. In addition to the genes themselves, the genome is composed of a much larger amount of DNA whose function remains to be observed. This is often derisively referred to as junk DNA; however, important functions may eventually be ascribed to this portion of the genome. Venter began a large-scale project to sequence expressed sequence tags as a way of trying to identify new gene products and to estimate the degree of diversity in gene structure and function. (Expressed sequence tags are random fragments of complementary DNAs derived from the information in the RNAs, which contain all the information that is actually expressed in a given cell type.) Although this approach drew criticism for being too much of a departure from the gene-by-gene strategy that was standard at that time, it was the forerunner of the largescale genomics experiments that have become standard.
Venter had some initial success and eventually left the NIH to establish a nonprofit organization, The Institute for Genomic Research, whose goal was to collect and interpret vast numbers of expressed sequence tags. The informatics component of The Institute for Genomic Research was so robust that Venter and colleagues realized that vast quantities of short sequence fragments could be assembled into long contiguous strings of sequence after the fact, simply by having computers analyze the overlap between the small sequence fragments. Although NIH study sections refused to support this approach to large-scale sequencing, Venter and colleagues proved the utility of this method by determining the 1.8 million base complete genomic sequence of a free living organism, H influenzae. 102 This project, which took less than a year, was completed in 1995. By 1998, Venter had demonstrated enough successes with his approach that he announced the formation of a privately funded company, Celera Corporation, that would produce the entire human genome sequence within 3 years for a fraction of the cost of the publicly funded program. Additionally, Venter stated that the release of Celera's data would not be shared with the international databases, and therefore it would not act in accordance with the Bermuda principles. However, he added that the public will have "free access" to the Celera's sequence as long as certain provisions are met.
This announcement spurred a final "5-year plan" from the publicly funded project late in 1998. 101 The accelerated timetable not only moved the target date for completed sequencing of the genome up to 2003 (the 50th anniversary of the discovery of the double helix) but also projected that 90% of the genome would be completed in draft form by 2001. Of importance, several new goals were also introduced in this version, including the cataloging of sequence variation in the human genome and the complete sequencing of several other genomes (Caenorhabditis elegans, D melanogaster, and mouse).
The first human chromosome to be completely sequenced was chromosome 22, completed in a collaborative effort by scientists at the Sanger Institute in England, at the University of Oklahoma and at Washington University in St Louis in the United States, and at Keio University in Japan. Its sequence was published in December 1999. 103 Five months later, in May 2000, the sequence of chromosome 21 was published from a collaborative effort by German and Japanese groups. 104 Chromosome 20 was sequenced by the end of December 2001. 105 Like chromosome 22, chromosome 20 was also sequenced by collaborators at the Sanger Institute.
ACHIEVEMENTS
By any measure, the genome project has been an outstanding success, surpassing the most optimistic projections of progress and costing far less than originally expected. The completion of the draft human genome sequence by both the public project and the Celera project was announced in special issues of Nature and Science in February 2001. 7, 8 By the end of 2001, nearly half of the genome had been deposited in "finished" form (<1 error every 10,000 base pairs), and all but 1.5% of the targeted sequence is present in GenBank (the public database) as either finished or draft form. Data from the public project are accessible through the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/).
Other goals of the HGP also have been met or exceeded. Complete genomic sequences for Escherichia coli, Saccharomyces cerevisiae (bakers' yeast), C elegans (roundworm), D melanogaster (fruit fly), and many other microorganisms have been determined and published. As of this writing, the mouse genome is 96% complete in draft form, 106 and projects to complete the rat and zebra fish sequences have been initiated. Impressive progress has been made in detailing the nature and extent of sequence variation in humans. The initial goal for the cataloging of single nucleotide polymorphisms (SNPs) (variations in single bases of DNA detected in the population at large) was to create a map with 100,000 SNPs by 2003. As of October 2001, dbSNP (the repository for these data) had more than 4 million SNPs, which are actively being used by researchers in both academia and industry to identify genes that contribute to disease susceptibility and drug response. These developments promise to dramatically change the way in which medicine is practiced in the 21st century.
FUTURE GOALS
The next important challenge is to make sense of all the data generated by the genome project. One of the major surprises from early analysis was that previous estimates of gene number appear to be inaccurate by a substantial margin. Most pregenome estimates agreed that humans had between 60,000 and 100,000 genes (although some estimates ranged as high as 120,000 107 ). Early analysis of the complete genome sequence suggests that the true number of genes required to make a person may be only 30,000 to 40,000. The difficulty in finding actual gene sequences in 3 billion bases of complex data is underscored by a recent analysis that revealed the 31,780 genes predicted by the public project only partially overlap with the 39,114 genes identified by Celera. 108 Adding to the controversy is a recent computational reanalysis of the "completed" public sequence that concluded there might be as many as 75,000 genes in humans. 109 Thus, there is reason to believe that the human gene number may be greater than 30,000. Clearly, one of the immediate goals is to improve the informatics capability to allow more accurate and meaningful analysis of the sequence data.
Whatever the final number of genes in the human genome, a more important goal is to understand the function of each gene. The function of approximately 15,000 such gene products is known. Thus, despite years of study, we understand the function of fewer than half of the human genes. Do some of the unknown genes code for products that will help us better understand cancer or heart disease? What new drug targets remain to be discovered? Now that the DNA sequence is largely complete, there is interest in trying to understand not only the function of genes (genomics) but also the function of proteins (proteomics) and how groups of proteins in common pathways combine to produce physiological responses (metabolomics). These efforts are already under way and will lead to insights about cell physiology.
Another area of intensive work is to understand how differences in human DNA sequences affect our daily lives. It is clear that common minor changes in DNA sequence can affect not only susceptibility to rare genetic disease but also many more common conditions. As a preview of what lies ahead, information from the genome project was recently used to identify susceptibility genes for non-insulin-dependent diabetes mellitus 110 and inflammatory bowel disease. 111 Applications will not be limited to prognostic indicators and diagnosis. The NIH recently launched a program to correlate sequence variations with drug responses (pharmacogenomics). The long-term goal of the effort is to tailor drug therapies to the individual patient.
The wealth of genetic information has raised some concerns as well, including the confidentiality of genetic information and the possible stigmatization of people based on their DNA sequences. These issues deserve continued study and scrutiny.
CONCLUSION
Humankind's interest and study of genetic-related concepts are recorded throughout history. However, the greatest advances in the field have occurred within the past 150 years. The future promises more progress in genetics and in related areas of medicine and science. An early statement by a well-known geneticist, Alfred Sturtevant, in regard to the future of genetics is as applicable now as it was when he wrote it in the last century: "We should like to conclude the account with an outline of the future of genetics; but one of the things that makes science interesting is that new developments are likely to come in unexpected directions. One thing can safely be predicted; genetics will continue to develop and to include new fields of work-it is not static." 112 The completion of the sequencing of the human genome will surely lead to further progress in genetics, science, medicine, and other related fields. The greatest benefits from the sequencing of the human genome are yet to be realized. Although continued advances in genetics research will be recognized most immediately by those working in genetics, the achievements and their social and ethical implications will affect all humanity. An understanding of the history of genetics and how we have arrived at where we are today will help prepare us to meet tomorrow's challenges.
